Background Cancer cachexia is a complex syndrome associated with multiple metabolic abnormalities. Insulin resistance is present in many cancer patients and may be one mechanism through which muscle wasting occurs.
Introduction
Individuals with cancer commonly experience anorexia, weight loss, and wasting of muscle and adipose tissue [1, 2] . These symptoms are also accompanied by a number of metabolic abnormalities, including alterations in carbohydrate, protein, and lipid metabolism, and insulin resistance [3, 4] . This syndrome, known as cachexia, greatly decreases the quality of life among patients, reducing survival time, and psychological and physical health [5] . In addition, cachectic cancer patients often display more negative side effects during chemotherapy [6, 7] . Some estimates suggest that up to 80% of cancer patients exhibit some degree of cachexia [6, 8, 9] , making this a clinically relevant syndrome for which the cause is currently unknown.
While weight loss is obvious in the outward appearance, the specific loss of muscle mass may be most detrimental to patient health and outcomes. As skeletal muscle mass decreases, strength, energy, and quality of life also decline sharply [5, 10] . Muscle loss is associated with decreased mobility and independence, as well as increased rates of hospitalization [10] . In many cases, it is the loss of muscle mass, and not explicit body weight, that results in the final decline in functioning and death in cachectic cancer patients [5, 10] .
Despite the devastating toll this syndrome has on patients, current treatment strategies are inadequate. In addition, the reversal of cachexia symptoms is difficult once they appear [10] , making early intervention and prevention efforts key. Identifying those at risk for cachexia, however, is difficult. It is currently unknown why cancer cachexia occurs in some patients but not others, and across varying types of tumors. Our understanding of which factors are present prior to cachexia development, and which are only a result of cachexia, is poor. Thus, early treatment is rarely provided, contributing to a poor prognosis in many patients. Improvements in weight loss and appetite can be obtained through a number of treatments, including progesterones, glucocorticoids, and nutritional supplementation [11] . Unfortunately, gains in body weight are typically due to increased body fat and water retention, and such gains do not last [11] . While advances have been made in the treatment of muscle wasting associated with other chronic diseases, including congestive heart failure (CHF) and chronic obstructive pulmonary disease, the prevention of muscle wasting in individuals with cancer remains illusive.
Given the metabolic nature of cancer cachexia, the study of its mechanisms ought to include an evaluation of the influence of metabolic pathways. In particular, the presence of insulin resistance in many cancer patients and animal models of cancer cachexia warrants significant attention. For the purposes of the present investigation, insulin resistance is defined as a significant decrease in insulin sensitivity. Insulin sensitivity is commonly measured via a glucose tolerance test, in which a standard dose of glucose is administered and the ability of endogenous insulin to regulate blood glucose levels is monitored. Similarly, insulin tolerance testing has been utilized for this purpose, with the glucose response to a standard insulin dose measured. While insulin acts on many systems beyond those regulating of glucose homeostasis, such testing is often relied upon as a measure of peripheral insulin sensitivity and insulin resistance in health and disease.
Insulin and the control of skeletal muscle mass
Insulin is the main hormone responsible for the control of muscle proteolysis [12] . An increase in the availability of glucose in the blood, such as when a meal is consumed, triggers a release of insulin from pancreatic β cells. This increase in endogenous insulin concentration decreases circulating blood glucose levels and suppresses proteolysis [12] . Similarly, the infusion of physiologically relevant doses of insulin can produce a decrease in skeletal muscle protein degradation, as measured by the appearance of amino acids in local circulation, without any effect on blood glucose levels [13] or protein synthesis [14] . An infusion of a higher dose of insulin decreases blood glucose levels, with no further effect on protein degradation. Thus, insulin has the potential to regulate skeletal muscle mass within a limited physiological range of concentrations, primarily through alterations in protein degradation. When insulin sensitivity is compromised, skeletal muscle mass is adversely affected. Both human and animal studies have demonstrated that insulin resistance is present in other catabolic diseases, such as diabetes mellitus, AIDS, and CHF, in which significant muscle wasting is observed [15] [16] [17] [18] [19] [20] [21] [22] .
The mechanism through which muscle wasting occurs in cancer cachexia is the same as that which occurs in other catabolic diseases. Though a number of pathways contributing to muscle protein degradation may be affected in cancer cachexia, evidence suggests that the ATP-dependent ubiquitin-proteasome pathway (UPP) is particularly important, with the assistance of caspase-3 [23] . Importantly, the insulin signaling pathway activates a number of signaling molecules that overlap with the UPP [24] , as illustrated in Fig. 1 . Binding of insulin to its receptor activates phosphatidylinositol 3-kinase (PI3K) and Akt. The activation of Akt has been linked with suppression of FOXO and caspase-3 activity, as well as decreasing mRNA expression of atrogin-1 and MuRF-1, two important E3 enzymes in the UPP. However, when the activity of PI3K is decreased, as it is in cancer cachexia and other states of insulin resistance, Fig. 1 Overlap between insulin signaling and ubiquitin-proteasome pathways in insulin sensitive and insulin resistant states. In insulin sensitive states (a), the binding of insulin to its receptor results in an increase in PI3K activity, which increases the phosphorylation of Akt. pAkt exerts inhibitory control over FoxO, which decreases transcription of Atrogin-1, MURF-1, and MAFbx, and caspase-3. This cascade results in decreased proteolytic activity. In contrast, in insulinresistant states (b), PI3K activity is decreased, leading to decreased phosphorylation of Akt. Lower levels of pAkt release the inhibition of FoxO and caspase-3, resulting in increased proteolytic activity the inhibition of both FOXO and caspase-3 is released and the expression of components of the UPP is increased [24] . It is through this pathway that insulin is able to control muscle protein degradation and one mechanism through which insulin resistance can result in increased protein degradation and the wasting of skeletal muscle.
The role of insulin resistance in cancer cachexia
Historically, insulin resistance has been classified as a consequence of muscle wasting during cancer cachexia. However, given insulin's role in the maintenance of skeletal muscle, insulin resistance should be considered as a mechanism that contributes to the progression of muscle wasting during cancer cachexia.
Insulin resistance is present during cancer cachexia: Human subjects
The earliest known metabolic abnormality associated with cancer was glucose intolerance [25] . In 1956, Glickman and Rawson observed that approximately 37% of over 600 cancer patients exhibited "diabetic" glucose tolerance curves, with a blunted insulin response to a standard dose of glucose. This was the first large-scale study to document specific metabolic effects of cancer in the human population [26] . Since this time, additional studies have observed the presence of insulin resistance in patients with various types of tumors, as demonstrated by impaired glucose tolerance [27] [28] [29] [30] [31] [32] [33] and decreased insulin sensitivity [28, 29, 32] .
Indirect evidence also suggests that alterations in glucose tolerance are associated with the symptoms of cachexia in cancer patients. Increased glucose production has been observed in lung cancer patients, who also present with increased rates of whole body protein turnover [30] . At least a portion of this increased rate of protein turnover was occurring within skeletal muscle, as these patients experienced increased excretion of 3-methyhistidine, a marker of skeletal muscle protein degradation [30] . Additional epidemiological evidence suggests that glucose intolerance is associated with an increased risk of cancer mortality [34] . For every 50 mg/dL increase in blood glucose levels, individuals surveyed as part of the NHANES III dataset increased their risk of cancer mortality by 22%.
When cachectic cancer patients, who present with anorexia, weight loss, and muscle wasting, were compared to non-cachectic patients and healthy controls by Jasani and colleagues [28] , an interesting pattern emerged. Noncachectic cancer patients exhibited a lower rate of glucose uptake than healthy controls. However, cachectic cancer patients exhibited significantly decreased rate of glucose uptake compared to both healthy controls and the wellnourished cancer patients [28] . While the non-cachectic cancer patients had poor glucose uptake, it was greater than that of the cachectic cancer patients, suggesting that an increasing severity of glucose intolerance could be involved in the development of cachexia.
Additional evidence suggests that impairments in oral and intravenous glucose tolerance may be present in cancer patients prior to the development of significant cachexia symptoms [31] . In sarcoma patients without a significant degree of weight loss (weight loss <5% of stable body weight), intravenous glucose tolerance tests revealed significantly impaired glucose tolerance, as compared to healthy controls. Interestingly, among the cancer patients in this study, those that maintained a lower body weight showed significantly reduced glucose tolerance as compared to patients with a higher body weight [31] , suggesting the possibility that a lower maintenance weight may be a result of decreased insulin sensitivity in these patients. The authors conclude that glucose intolerance and accompanying insulin resistance may play a role in the development of cachexia symptoms, and is not merely a result of cachexia itself. However, it is unknown whether either group of cancer patients later developed cachexia symptoms, making the authors' conclusions somewhat premature.
Taken together, these data support the involvement of insulin resistance in the development of muscle wasting in patients with cancer cachexia. Additional experimental evidence from animal models offers further support for this hypothesis.
Insulin resistance is present during cancer cachexia: Animal models
Insulin resistance is a common feature of multiple animal models of cancer cachexia, including the Walker 256 carcinoma and colon-26 adenocarcinoma [35] [36] [37] [38] [39] [40] . In pancreatic islets of Langerhans isolated from rats bearing the Walker 256 carcinoma, insulin secretion is decreased in response to glucose stimulation, as compared to control islets, indicating impaired insulin sensitivity [36] . In addition, despite decreased blood glucose levels in colon-26 adenocarcinoma-bearing mice, insulin sensitivity is decreased as compared to non-tumor-bearing controls, as indicated by in vivo insulin tolerance testing [39] . Importantly, structural changes in pancreatic islets have not been observed, indicating that this decrease in insulin sensitivity is not caused by structural abnormality, but instead by deficits in insulin signaling [37] .
Only one study directly examines the connection between insulin resistance and the onset of cancer cachexia [39] . By using an insulin tolerance test, Asp and colleagues demonstrated that tumor-bearing mice exhibited a signifi-cantly impaired blood glucose response to a standard dose of insulin, as compared to non-tumor-bearing controls, prior to the onset of significant weight loss. The authors assert that their results support a causal role for insulin resistance in the development of cancer cachexia [39] . However, the researchers failed to measure body composition near the time when reduced insulin sensitivity was observed. Therefore, it is unknown whether insulin resistance was actually present prior to the onset of cachexia or if some muscle wasting was present prior to the onset of insulin resistance. Despite this limitation, these results support the hypothesis that insulin resistance may contribute to the development of cancer cachexia in animal models.
Treatment with insulin and insulin sensitizers improves cachexia symptoms
Given the involvement of insulin in the regulation of skeletal muscle mass and the presence of insulin resistance during cancer cachexia, treatment strategies that utilize the insulin signaling system have begun to be explored. Evidence suggests that these treatments have a positive impact on patient outcomes and cachexia symptoms.
Lundholm and colleagues have observed improvements in cachectic cancer patients following the administration of insulin [41] . Importantly, these patients had reduced insulin sensitivity but were not fully unresponsive to endogenous insulin. When a small dose of exogenous insulin (0.11 U/kg body weight) was administered daily to cachectic cancer patients, increased body weight and caloric intake were observed. These changes lead to increased survival time and increased quality of life in insulin-treated patients, without having a stimulating effect on tumor growth [41] . These data demonstrate that insulin treatment may have beneficial effects in cachectic cancer patients. However, it is important to recognize that the sample population demonstrated some degree of insulin sensitivity. If the subjects exhibited a greater degree of insulin resistance, insulin treatment may not have produced the same effect.
Additional evidence from animal models of cachexia supports these findings. However, due to differences in the models utilized, results are mixed with regards to the effectiveness of insulin treatment in cancer cachexia and may be related to the degree of insulin sensitivity exhibited. Animals implanted with Walker 256 tumors show improvement in cachectic symptoms with daily insulin administration, including increased body weight and decreased tumor mass [42] [43] [44] . Similar results have been observed in other cancer cachexia models [45, 46] . In contrast, treatment with exogenous insulin failed to have any effect on cachexiarelated parameters in mice inoculated with colon-26 adenocarcinoma [47] . It is possible that insulin resistance is more complete in these animals than in other models. This is supported by the fact that the administration of insulin also had no effect on blood glucose levels in the colon-26 tumor-bearing animals [47] .
While insulin treatment fails to improve cancer cachexia symptoms in colon-26 adenocarcinoma, Asp and colleagues demonstrated the potential of an insulin-sensitizing agent to prevent the development of muscle wasting in this model of cancer cachexia. Following daily treatment with the thiazolidinedione (TZD) rosiglitazone (0.3 μL per gram of body weight, I.P), tumor-bearing mice did not experience weight loss or a decrease in muscle mass as compared to non-tumor-bearing controls. In addition, the TZD-treated animals demonstrated normal insulin sensitivity, with a significantly greater insulin-stimulated glucose response as compared to PBS-treated tumor-bearing mice [39] .
The utility of these treatments within the larger human population is still under investigation. However, evidence suggests that the insulin signaling pathway may be utilized with some success in the treatment of cancer cachexia.
Potential treatment strategies
While the administration of insulin may ameliorate cachexia symptoms in some patients and animal models, the effect is not universal. In addition, many of these experiments have not examined the effect of insulin on skeletal muscle mass. However, treatments that more directly affect insulin signaling hold promise as useful treatment strategies. While still in the early stages of testing in individuals with and animal models of cancer cachexia, these agents, including metformin, thiazolidinediones, and β 2 -adrenoceptor agonists, demonstrate a preliminary ability to increase muscle mass in catabolic states through the activation of components of the insulin signaling pathway. These treatment strategies are highlighted in Table 1 .
Metformin is a biguanide drug that was originally developed for the treatment of insulin resistance associated with type II diabetes mellitus. Metformin has been shown to increase muscle cell insulin sensitivity [48] and to reverse muscle wasting in a number of catabolic states, including type II diabetes [49] , polycystic ovary syndrome (PCOS) [50] , and CHF [51] . The effect of metformin on muscle wasting appears to be regulated, in part, through its ability to increase activity of AMP-activated protein kinase (AMPK) in muscle cells [49] . An increase in AMPK activity leads to increased glucose transporter 4 (GLUT4) activity to increase skeletal muscle glucose uptake [52] . Additionally, metformin increases PI3K activity in patients with type II diabetes and PCOS [53] . The use of metformin in cancer cachexia has yet to be investigated fully, and deserves attention, given its effectiveness in other catabolic conditions.
Similarly, TZDs, which were originally developed for the treatment of patients with type II diabetes and have proven effective in reversing insulin resistance in this population [54] , may offer a treatment path. While these insulin sensitizers stimulate peroxisome-proliferatoractivated receptor γ, a nuclear transcription factor [54] , they also appear to have effects on insulin receptor signaling [55] . In subjects with type II diabetes, treatment with the TZD rosiglitazone decreased hepatic glucose output and enhanced pancreatic β-cell function. In addition, rosiglitazone-treated subjects exhibit increased insulinstimulated tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) and increased PI3K activity [56] . Similar results have been observed in patients with CHF [51] . The ability of this type of drug to increase insulin sensitivity through alterations in a pathway that overlaps with those involved in muscle proteolysis is intriguing. In addition, Asp and colleagues observed that chronic administration of rosiglitazone prevented muscle wasting associated with cancer cachexia in mice implanted with the colon-26 adenocarcinoma [39] . Due to their insulin-sensitizing effects and their ability to act directly on skeletal muscle tissue [56] , the use of TZDs in the treatment of muscle wasting during cancer cachexia should be investigated further.
In addition, agonists of β 2 -adrenoceptors, such as clenbuterol, albutamol, and calmeterol, have shown promise in increasing skeletal muscle mass in animal models of type II diabetes and cancer cachexia [9, 11, [57] [58] [59] . Although this class of drugs has no effect on body weight or caloric intake [58] , they demonstrate the remarkable ability to repartition nutrients, such that muscle mass increases preferentially over fat mass [59] . To reverse muscle wasting, these drugs appear to decrease protein degradation by inhibiting caspase-3, decreasing proteasomal activity, and reducing expression of various UPPrelated genes [60] . In addition, clenbuterol improves insulin sensitivity through increases in GLUT4 and PI3K activity [59, 61] . Taken together, these data demonstrate the ability of a β 2 -adrenoceptor agonist to reduce muscle wasting in cancer cachexia, through a mechanism involving the UPP, as well as increase insulin sensitivity in insulin-resistant states.
Overall, metformin, TZDs, and β 2 -adrenoceptor agonists have been observed to improve muscle insulin resistance in catabolic conditions by utilizing elements of Treatments, which utilize mechanisms related to the insulin signaling pathway, were found to be effective in treating muscle wasting associated with chronic disease
TZDs Thiazolidinedione drugs, MW Muscle wasting, DMII Type II diabetes mellitus, PCOS Polycystic ovary syndrome, CHF Congestive heart failure, CC-A Cancer cachexia in animal models a Not tested in all animal models Analysis of the effects of insulin sensitizers on skeletal muscle mass in animal models and human subjects Effect of β 2 -adrenoceptor agonists on insulin sensitivity in animals models Effect of TZDs on existing muscle wasting in animal models the insulin signaling pathway known to assist in the regulation of muscle mass. Given the effectiveness of insulin-sensitizing treatments in other catabolic conditions, the use of such treatments in patients with cancer cachexia warrants significant attention. In particular, their utility to reverse or prevent muscle wasting in cancer cachexia may prove particularly important in patient outcomes.
Conclusions and future directions
Available evidence suggests that insulin resistance may play a role in the development of muscle wasting during cancer cachexia. However, further research is necessary before this knowledge can be effectively applied to the treatment and prevention of cachexia in individuals with cancer. A number of recommended future research directions are highlighted in Table 2 . This area of research has important potential implications for the clinical community. Currently, no evidencebased treatments are available for the treatment of cancer cachexia [11, 57] . Translational research is desperately needed in this area to determine the mechanisms through which cancer cachexia develops, as well as how these mechanisms may be exploited to prevent and treat cachexia symptoms in human cancer patients. Insulin resistance is easily screened for in a variety of healthcare settings and recent advances have allowed for better treatment of this condition in many individuals [62] . If insulin resistance could be utilized as an early signal of the development of cancer cachexia, the treatment of this metabolic abnormality could have the potential to prevent the development of cachexia symptoms and have a profound impact on morbidity and mortality in cancer patients.
